398 words) 15 UV-B regulation of anthocyanin biosynthesis in vegetative and grapevine berry tissues has been 16 extensively described. However, its relation with UV-B-regulated microRNAs (miRNAs) has not 17 been addressed before in this species. We explored by deep sequencing of small RNA libraries the 18 developmental dynamics and UV-B effects on miRNAs and associated phased small interfering RNA 19
that spawns phasi-RNAs) could facilitate anthocyanin accumulation. miR395 and miR399, induced 39 by sulfur and phosphorus starvation in other species (conditions known to trigger anthocyanin 40 accumulation) respond positively to UV-B radiation and are shown to slice cognate targets in 41 grapevine. miR156/miR535 is shown to target SQUAMOSA PROMOTER-BINDING transcription 42 factor genes that potentially regulate the activities of MYB-bHLH-WD40 complexes and thereby 43 anthocyanin biosynthesis. Increases in MYB-bHLH-WD40 TFs could also contribute to the observed 44 up-regulation of miR828 via the conserved and degradome-validated auto-regulatory loop involving 45 miR828/TAS4abc to regulate MYBA6/A7/A5-MYB113-like levels and thereby anthocyanin levels. 46 These results and meta-analysis provide a basis for systems approaches to better understand noncoding RNA functions in response to UV. 2002), a highly specific signaling pathway involving photomorphogenic receptors, some of which 64 influence miRNA activities, is well characterized (Jenkins, 2017). In Arabidopsis, Cryptochrome1 65
and Cryptochrome2 mediate the expression of miR172 after blue light stimulation in a CONSTANS-66 independent manner to regulate photoperiodic flowering time (Jung et al., 2007) . miR408 is 67 coordinately regulated by SQUAMOSA PROMOTER BINDING PROTEIN-LIKE7 (SPL7) and 68 ELONGATED HYPOCOTYL5 (HY5) in response to light . 69
Plants fend off harmful effects of UV-B with plant-specific phenolic secondary metabolites 70 derived from phenylalanine and deposited in the vacuoles of epidermal cells (Dotto & Casati, 2017; 71 Li, Ou-Lee, Raba, Amundson, & Last, 1993). Flavonols, chalcones, and anthocyanins are a diverse 72 group of polyphenolic secondary metabolites synthesized by coordinated transcriptional control of a 73 suite of biosynthetic enzymes including CHALCONE SYNTHASE (CHS). UV-B induction of CHS 74 (Jenkins, 2017) and the downstream phenylpropanoid biosynthetic genes is well characterized. UV 75 RESISTANCE LOCUS 8 (UVR8), a UV-B receptor, upon absorbing UV-B radiation monomerizes 76 into active form (Rizzini et al., 2011; Wu et al., 2012) and interacts with CONSTITUTIVELY 77 PHOTOMORPHOGENIC1 (COP1) (Cloix et al., 2012) . COP1 is a WD40/RING protein that 78
facilitates proteasome-mediated degradation in the dark of HY5, a basic leucine zipper transcription 79 factor (TF). Thus, COP1 functions as a central mediator of UV-B adaptation and light 80 photomorphogenic responses (Saijo et al., 2003) . COP1 interaction with UVR8 releases HY5 from 81 proteasome-mediated degradation and promotes photomorphogenic signaling (Huang et al., 2013) . 82 HY5 binds to CHS promoter, promoter elements of MYeloBlastosis (MYB) transcription factor (TF) 83 MYB12, a regulator of flavonol biosynthesis (Lee et al., 2007 , Stracke et al., 2010 , and 84 MYB75/PRODUCTION OF ANTHOCYANIN PIGMENT1 (PAP1), a TF inducer of anthocyanin 85 biosynthesis genes (Shin et al., 2013) . 86
Despite grapevine (Vitis vinifera L.) having a sequenced genome available for over a decade 87 and being an important fruit crop abundant in health-promoting-and flavor-enhancing polyphenolics, 88
UV-B signaling components and their functions in integrated control of secondary metabolism were 89 not identified until recently. Loyola et al. (2016) characterized the grapevine photomorphogenic 90
factors UV-B RECEPTOR (UVR1), HY5 and HY5 HOMOLOGUE (HYH) that function in UV-B 91 perception and signaling. The expression profile of the above-mentioned photomorphogenic factors 92 was studied in vegetative and reproductive tissues at different developmental stages. While UVR1 is 93 strongly expressed in early berry developmental stages, UVR1 transcript abundance is mostly 94 influenced by light and temperature but not UV-B radiation. HY5 is induced by low fluence UV-B in 95 leaves and at the early berry developmental stages (both low and high fluence) (Loyola et al., 2016) . 96 HYH is induced by high fluence UV-B three weeks after the onset of ripening, (veraison, manifested 97
as color change of berries and a transition from organic acid to sugar accumulation). UV-B 98 irradiation also promotes flavonols accumulation in leaf and berries. Thus, both high and low UV-B 99 exposures in grapevine may facilitate flavonol accumulation in vegetative and reproductive organs 100 through the activation of HY5 and HYH TFs at different developmental stages (Matus, 2016) . 101
The grapevine berry color locus in chromosome 2 encodes several R2R3-type MYB genes 102
including the anthocyanin regulators MYBA1 and MYBA2 (Walker et al., 2007; Rinaldo et al., 2015) . 103 The red pigmentation observed in vegetative tissues is attributed to activity of MYBA6, MYBA7, and 104 potentially MYBA5 genes on chromosome 14 (Matus et al., 2017) . MYBA5/6/7 accumulate at high 105 levels in early development of berries and decrease after the onset of veraison. UV-B radiation 106
induces MYBA1 genes and significantly delays the down-regulation of MYBA6 and MYBA7 at the 107 latter stages of berry development (Matus et al., 2017) . Interestingly, MYBA6 and MYBA7 follow 108 the exact expression pattern of grapevine HY5 (Loyola et al., 2016) , suggesting MYBA6 and MYBA7 109 also contribute to fruit pigmentation upon increased radiation stress, in addition to MYBA1. 110
Grapevine MYBA6 and MYBA7 are orthologs of Arabidopsis MYB TFs PAP1/MYB75 and 111 PAP2/MYB90 (Borevitz, Xia, Blount, Dixon, & Lamb, 2000) . PAP1/MYB75, PAP2/MYB90 and 112
MYB113 are under negative regulatory control of Trans Acting Small-interfering RNA locus4 (TAS4) 113 that generates a 21 nt antisense trans-acting small-interfering RNA (tasi-RNA) species TAS4-3'D4(-) 114 by the processive endonuclease activity of DICER1/4 (Rajagopalan, Vaucheret, Trejo, & Bartel, 115 2006). TAS4 siRNA production requires miR828 programming of ARGONAUTE (AGO)-containing 116
RNA Induced Silencing Complex (RISC). miR828 loaded in RISC binds to its complementary site in 117 TAS4, directs cleavage and sets the phase for 21-nt siRNA production in association with DEPENDENT RNA POLYMERASE 6. The fourth antisense phase tasi-RNA species generated by 119 miR828-mediated cleavage is TAS4-3'D4(-) siRNA. A RISC programmed with TAS4-3'D4(-) siRNA 120 binds to complementary sequences in AtPAP1/PAP2/MYB113 mRNAs, which undergo 121 endonucleolytic slicing (Rajagopalan et al., 2006) . In addition to TAS4-3'D4(-) predicted cleavage, 122
AtMYB113 is also targeted by miR828 directly, suggesting a close evolutionary relationship between 123
AtPAP1/PAP2/MYB113, miR828, and TAS4 (Rajagopalan et al., 2006) . TAS4 is functionally 124 conserved among various eudicots (Luo, Mittal, Jia, & Rock, 2012; Rock, 2013 ) and TAS4-3'D4(-) 125 targets grapevine VviMYBA6 and VviMYBA7 which in turn triggers 21 nt phased small interfering 126
RNA (phasi-RNAs) production from VviMYBA6 and VviMYBA7 in register with the TAS4-3'D4(-) 127 slicing site (Rock, 2013; Zhang, Li, Wang, & Fang, 2012) . The biological significance of 21 nt 128 phasi-RNAs is largely unknown, but hypothesized to be important for defining a concentration 129 gradient for silencing activity across cell layers and for widespread trans suppression or homeostasis 130 of highly conserved motifs in the large families of Leucine Rich Repeat (LRR) resistance genes (Fei, 131 Xia, & Meyers, 2013) in response to pathogen effectors (Shivaprasad et al., 2012) (2011; GSM803800-GSM803803). The ShortStack counts output for these libraries were not used 213 for subsequent differential expression analysis. ShortStack counts output generated from our UV 214 treatment libraries alone were subjected to differential expression analysis.
215
A few novel candidate MIRNAs were called de novo by ShortStack as having met all 216 annotation requirements (viz., > 50% of reads map to hairpin duplex, >80% of reads map to one 217 strand of the hairpin, and at least one miRNA star species sequenced). The raw counts output of 218
ShortStack for 40,678 sRNA-producing loci with greater than 261 total reads per cluster summed 219 across all libraries was used as input to DESeq2 "R" Package (version 1.16.1) (Love, Huber, & 220 Anders, 2014) to analyze the differential expression of sRNA cluster loci under different conditions. 221
The cutoff was chosen to capture the low-expressed (~ 1.5 reads per million, rpm) MIR828 and 222
MYBA6 and MYBA7 clusters, which were of particular interest but at the cost of more independent 223 statistical tests. Supplementary Table 3 ). 230
The experimental comparisons made for differential expression analyses of biologically 231 coordinated replicates are outlined in conserved miRNA families out of 24, but not miR168, miR395, miR396 and miR403 despite high 266 effector abundances. We validated 126 targets from 27 of 31 deeply conserved miRNA families, 267
including for miR168, -395, -396, and -403 ( Supplementary Table 2a and Supplementary File S4). 268
When a known canonical miRNA target was not validated due to absence of slice signature reads in 269 degradome datasets (miR397, -399, -408, and -827), we relied on Generic Small RNA-Transcriptome 270
Aligner (GSTAr) output with low Allen scores to identify the missing canonical predicted targets (all 271 found except for miR827 targets; Supplementary Table 2a ). It is noted that vvi-miR397 target 272
VIT_08s0040g01790/GSVIVT01025694001/LACCASE11 has been previously validated by 5' RNA 273
Ligase-Mediated Rapid Amplification of cDNA Ends (RLM-RACE) in grapevine (Sun et al., 2015) . 274 We further obtained evidence for novel targets of some conserved miRNAs (miR169, -395, -396, -275 477, -530, -535, and -828) and for grapevine-specific miRNAs miR3623, -3624, -3626, -3629, -3631, 276
-3632, 3633, and miR3635 (Supplementary and to amplify specific transcripts, primers were designed flanking the endonucleolytic slicing sites 320 for miR828 and TAS4 3'D4(-) in highly variable regions ( Supplementary Fig. S2A ). qRT-PCR 321 amplicons were run in 1% agarose gels by electrophoresis and purified and sequenced to validate 322 appropriate designs. All experiments were performed with three (greenhouse experiment) and four 323 (field experiment) biological replicates and two technical replicates. 324
Data Availability 325
The raw data files of UV sample libraries can be accessed from the National Center for 326
Biotechnology Information (NCBI) under BioProject ID PRJNA431619. 327
3
Results 328 sRNA libraries were constructed for four in vitro-grown leaf samples (control and UV-B treated, two 329 biological replicates) and 24 berry skin samples and sequenced by Illumina NextSeq500v2 (1 x 75 x 330 6 cycles for indexes). We obtained a total of 356,090,480 raw reads ( Supplementary Table 1a ). After 331 adaptor trimming and removal of rRNA, tRNA, snRNA, and TE-like sequences longer than 18 nt 332 found in the 28 libraries ( Supplementary Table 1a ), there remained 231,853,790 clean reads (65.7% 333 of raw reads), of which 8% on average were unique within libraries and 5.2% were unique across all 334 libraries. Reads longer than 27 nt were retained in the dataset for quality control assessment of 335 libraries, which contained degraded grapevine mRNAs and 18S and 25S rRNA species of discreet 32 336 and 48 nt sizes not filtered with Arabidopsis rRNA sequences, which were filtered out (data not 337 shown). ShortStack mapped 31% of reads uniquely to the reference genome, 32.8% of reads mapped 338 to multiple loci and were binned proportionally based on flanking sequence uniqueness (Johnson et  339 al., 2016), and only 0.3% of reads mapped to more than 50 loci and were discarded. Principal 340 component analysis of berry samples showed a near majority of variation in abundances of sRNAs 341 mapping to 40,678 loci between libraries was strongly associated with berry development (48%, 342 PC1) ( Fig. 1 ). The chronological sequence from green berry (-3 WAV), veraison, +3 WAV, and +6 343 WAV berry skin clustered coordinately and continuously irrespective of samples being collected 344 from greenhouse or field ( Fig. 1 ). 345
The size distributions of trimmed reads were analyzed. All libraries had distinct peak 346 abundances at 21-and 24-nt ( Supplementary Fig. S1 ). Consistent with previous reports in grapevine 347 ( The miRNA expression profiles under different experimental set up and their experimentally 360 confirmed/putative mRNA targets are discussed in detail below. 361
UV-B responsive miRNAs in in vitro-grown plantlets 362
Based on the observation that UV-B irradiation increased supporting the claim that VIT_11s0052g00320 intron2 is mis-annotated. 379
Although vvi-MIR482 expression was not significantly changed by UV treatment in in vitro 380 plantlets (P = 0.21, possibly due to small sample size and high read number), PhaseTank analysis 381 revealed a non-coding phasi-RNA candidate TAS locus (chr13:15496204-15497757) (ShortStack 382 phase score 1,737) generating a tasiRNA [3'D3(-)] by vvi-miR482 cleavage (Allen score=5.0; P < 383 0.07) ( Supplementary Table 4 and File S5). This novel candidate TAS locus significantly up-384 regulated by UV treatment (Table 2) was named vvi-TAS11 following the nomenclature of Zhang et 385 al. (2012) . vvi-TAS11 maps to the 5' end of an unannotated 87aa peptide-encoding locus 386 (VIT_13s0047g00100) with ESTs (GenBank XR_002031633.1, XR_787251.2) annotated as 387 'uncharacterized non-coding RNA'. Degradome evidence (Allen score 4.0; Supplementary Table 4)  388 supports cleavage of a phasi-RNA-producing (phase score =93.5) Leucine-Rich-Repeat (LRR) 389
transcript VIT_18s0001g07270 by the tasiRNA3'-D3(-), and is predicted to target another phasi-390
RNA-producing LRR (phase score 29.2) VIT_13s0106g00020, 12 NB-ARC-LRRs (Supplementary  391  Tables 2b, 4) , and the putative cation/hydrogen exchanger Vvi-CHX15/ VIT_04s0044g01470. 392
Induction of MYBA6 and MYBA7 in vegetative tissues upon UV-B radiation has been observed 393
previously (Matus et al., 2017) . Similarly, miR828/TAS4-mediated post-transcriptional regulation of 394 MYBA6 and MYBA7 by production of TAS4-3'D4(-)-triggered phasi-RNAs is also well documented 395 in leaves (Rock, 2013; Zhang et al., [2012] mis-annotated TAS4 as VviTAS7). The extremely low 396 levels of mature miR828 (~1 per 20 million reads) in the sRNA libraries, including leaves where it 397 was expected to be maximal, made it difficult to quantify by deep sequencing. Hence, an RNA blot 398 analysis with Locked Nucleic Acid-anti-vvi-miR828 as probe was performed to verify the expression 399 profile of MIR828 cluster siRNAs (miR828* was the major species found at 2.6 reads per million; 400 Supplementary Table 3 ) quantified by ShortStack. As predicted, mature miR828 was maximal in 401 leaves, but there was no obvious difference in miR828 levels in response to UV-B in plantlets (Fig.  402 2; Panel A; but see below). 403
UV-B responsive small RNAs in berry skins from greenhouse and field experiments 404
sRNA libraries were constructed from total RNA extracts of berry skins (-3, 0, +3 and +6 WAV) 405 harvested from greenhouse and fields treated with and without UV-B light. The high-and low-UV 406 irradiated greenhouse and field samples were classed as +UV-B test samples and corresponding 407 minus UV-B as control samples for differential expression analysis (Table 1) . Eleven UV-B 408 responsive miRNAs were identified with statistically significant differential expression (independent 409 of developmental time points), of which nine were up-regulated (vvi-MIR395n, vvi-MIR3627, vvi-410
MIR535c, vvi-MIR3624, vvi-MIR171b, vvi-MIR156f, vvi-miR4376, vvi-MIR319c) and two were 411 overall down-regulated (vvi-MIR477b, vvi-MIR530) (Table 3 ). However, further analysis (described 412 below) showed those two down-regulated MIRNA loci are up-regulated in response to high-fluence 413
UV-B. The up-regulated UV-B-responsive miRNA targets were validated by CleaveLand analysis 414 and corroborated by psRNATarget, Plant Non-coding RNA Database (PNRD) (Yi et al., 2015) , and 415 evidence from available literature ( then an increase in MYBA6/7 transcript levels would increase the levels of miR828-and/or miR828-456 triggered TAS4-3'-D4(-) from VviTAS4abc loci, which cleave MYBA6/7 differentially to generate 457 phasi-RNAs that amplify post-transcriptional silencing of MYBA6/7 (Rock, 2013) . Inference of 458 miR828 expression by deep sequencing read abundances of miR828*, which was much more 459 abundant than the rarely sequenced miR828, suggested overall down-regulation of MIR828 locus by 460
UV-B treatment (Table 3 ). Yet we observed significant UV-B induced accumulation of TAS4b-461
3'D4(-) ( Interestingly, a direct concordance was observed between the TAS4c 3'D4(-) tasi-RNA and its 489 primary (undiced) TAS4c transcript ( Fig. 3D ), supporting the notion that miR828 induction by high 490 fluence UV-B (Fig. 2B , D) during berry development results in increased TAS4 expression marked 491 by accumulation of TAS4 phasi-RNAs triggered by miR828 ( Fig. 3E , left panel; Supplementary  492  Table 2a ; File S4, pp. 38-40). Similar results were observed between TAS4a 3'D1(+), TAS4b 3'D4(-), 493 and TAS4c 3'D4(-) tasi-RNAs and their respective primary TAS4 transcripts from high-fluence UV-B 494 field samples ( Supplementary Fig. S2B-D) . However, these findings raise the question of why TAS4 495 primary transcript relative abundances are not reduced by UV-B treatment; i.e. an inverse 496 relationship with miR828 ( Fig.2) as seen for other miRNA targets and tasi-RNA cascades (above). 497 We observed high fluence UV-B treatments in greenhouse and field significantly delayed the down-498 regulation of MYBA6 and MYBA7 at the latter stages of berry development ( Supplementary Fig. S2E , 499 F right panels; Matus et al., 2017) . We propose that the observed concordant expressions of miR828 500 (Fig. 2) , TAS4abc primary transcripts and diced tasi-RNAs ( Fig. 3E , Supplementary Fig. S2B -D) 501 and the derived MYBA6 and MYBA7 phasi-RNAs spawned by the activity of TAS4ab-3'D4(-) 502
( Supplementary Fig. S2E 
UV-B regulated miRNAs with different fluence-rate responses 532
Based on the apparent coordination for miRNA expressions by high-versus low fluence UV-B 533 treatments, the high-and low fluence-irradiated greenhouse berry samples were tested against each 534 other (high/low ratio across developmental time, including across controls minus UV). The field 535 UV-B irradiated berries were not included in the test since the environmental parameters were not 536 controlled. Table 5 lists 18 miRNAs with significant differential expression by high fluence UV-B 537 treatment per se, of which 11 were up-regulated and seven were down-regulated. Three novel 538 miRNAs (called as valid MIRNAs or missing only evidence for the star species by ShortStack and 539
folding into a stable and unbulged hairpin) were identified to be differentially expressed in response 540
to high fluence UV-B. We found multiple candidate family members of vvi-MIR477 of which 541 miRBase has annotated only two: miR477ab. The five others which respond differentially to UV-B 542 fluence listed in Table 5 are presumed to be encompassed by the nine vvi-miRC477c,i-p candidate 543 family members described by Paim-Pinto et al. (2016) . Similar to the UV-B response results across 544 greenhouse and field berry samples (Table 3) , vvi-MIR3627 was highly up-regulated under high 545 fluence (Table 5) . vvi-MIR3627 is an atypical MIRNA locus in that it produces phased sRNAs and is 546 not stranded (it produces abundant antisense transcripts ( Supplementary Table 3 ). vvi-MIR399i, 547
which is predicted to target phosphate transporters ( Supplementary Table 2a Fig. S3 ) validated our observation of significant up-556 regulation across developmental time points for miR403 species ( Supplementary Table 2b ) were 560 significantly up-regulated by high-fluence UV-B, consistent with observed trigger miRNA 561 abundances (Fig. 2 , Table 5 ). However, TAS4c (which has a 3'D4(-) variant that targets 562 VviMYBA6/7 less well; mismatch at seed position 10; Supplementary Table 2b ), despite evidence 563
for being up-regulated by high fluence UV-B per se (like TAS4ab; Table 4 ), was expressed highly in 564 both low fluence UV control and treatments compared to high fluence conditions (not shown), 565
resulting in an overall negative coefficient for high-fluence effect like seen for miR403 family 566 members (Tables 3,4 ). These results suggest an additional regulatory mechanism affecting TAS4c 567 expression, which we speculate might involve the TAS4c-3'-D4(-) mismatches to target MYBA6/A7 568 impacting a functional interaction with the hypothesized auto-regulatory loop (Tables 3,4) . 569
Small RNAs differentially expressed during berry development 570
To characterize the overall accumulation of miRNAs and siRNAs affected by berry ripening, sRNA 571 libraries constructed from berries (-3, 0, +3 and +6 WAV) harvested from greenhouse and fields were 572 tested for differential expression across developmental time using the likelihood ratio test. By 573 assuming (null model) there is no difference in miRNA expression profile between different berry 574 development stages, we identified 48 miRNAs to be significantly differentially expressed at one or 575 more developmental time points across environmental treatments ( (Table 6 , Supplementary Table 2b ). 590
TAS4a, -b and -c loci triggered by miR828, which in turn triggers phasing of MYBA6, 591
MYBA7, and MYBA5/MYB113-like siRNA production via TAS4ab-3'-D4(-)( Supplementary File S4,  592 pp. 38-43), showed differential expressions during berry development. TAS4a expression peaked at 593
veraison when compared to -3 WAV, and decreased at +3 WAV and +6 WAV ( Supplementary Table  594 3). TAS4b siRNAs did not display a pronounced up-regulation pattern across developmental stages. 595
Interestingly, TAS4c reads increased at every developmental stage when compared to the previous 596 stage ( Supplementary Table 3 ), consistent with the observation (Table 5 ) TAS4c and miR403 were 597 regulated differently than TAS4ab and most miRNAs, which decrease during berry development 598 (Table 6 ). miR530ab may target 3' UTR intronic regions of AGO1 orthologues, supported by 599
GSTAr alignment data ( Supplementary Table 2a ) and miR393ab, which degradome evidence shows 600 triggers phasi-RNA production and phasi-RNA auto-and trans cleavages ( Supplementary Table 3 ), manifested the highest in vivo slicing activities based on phasi-RNA 620 abundances (~15,000 rpm) and phasing scores from TAS4abc and target MYBs ( Supplementary Table  621 3; File S4, pp. 38-52) while on the other hand, we were unable to find slicing evidence for the 622 relatively abundant miR397 (38 rpm), miR399 (42 rpm), and miR408 (a phasi-RNA producing locus 623 with phase score of 393 and star species abundance of 883 rpm). It is speculated that modeling the 624 unusually active (like miR828) and non-canonical effector:target duplexes containing bulges revealed 625 by our degradome analyses (e.g. miR319, miR162, miR396, miR398, miR3627-iso; Supplementary 626 Single nucleotide polymorphisms of sRNAs across mapping datasets could also be a 630 confounding factor in interpreting our differential expression candidate miRNAs. Caution is 631
warranted when interpreting phasi-RNA abundances (e.g. TAS4a,b,c) where there are many species 632 generated, some of which can accumulate to high levels yet only one (e.g. TAS4 3'-D4[-]; Rock, 633 2013) is claimed as functional. The functional siRNA and miRNA may not be the major species in 634 clusters or the one that changes significantly in response to stimulus, confounding interpretations. For 635
TAS4a, the major species called by ShortStack is documented as 3'D1(+) ( Supplementary Table 3,  636 column "I"). Supplementary Table 3 Table 3 ; Supplementary Fig. S2C , left panel). For TAS4c, 3'-D4(-) was also the 654 major species and the measured complexity was 0.011; for this key hypothesized effector of MYBA6 655 and MYBA7 expression our libraries accounted for 91% of all TAS4c cluster reads. Taken together, 656 these data support our view that statistical inference of miRNA and siRNA dynamics using clusters 657
as proxy for bona fide effectors is reasonable and useful. 658 observed inverse correlations between vvi-miR156 abundance and SPL target expressions in our 667 experiments ( Fig. 3 ) which were consistent with published datasets for UV-C and UV-B responses 668 (Table 4 , Supplementary Table 2b ), but in contrast to maize and wheat we found vvi-miR156f and 669
vvi-miR535c to be up-regulated in grapevine in response to UV-B (Table 3 ). It is possible that the 670 low-fluence down-regulation effect on numerous miRNAs including miR156f (Table 4) could  671 account for the differences between grape and maize or wheat, where a coordinated antagonist 672 response pathway for low fluence UV-B may be involved. Previous work on grapevine leaves 673 showed high fluence rate UV-B specifically modulates pathways and processes associated with 674 oxidative and biotic stress, cell cycle progression, and protein degradation, whereas low fluence rate 675 UV-B regulates the expression of responses to auxin, ABA, and cell walls (Pontin et al., 2010) . 676
Consistent with this notion is the differential UV-B fluence effects on VviTAS3 phasi-RNAs (Table 5,  677  Supplementary Tables 2b, 3 , 4) and miR828 abundances (up in high-, down in low fluence; Fig. 2,  678 Table 4), and with prior work showing TAS4 is negatively regulated by ABA/sugar crosstalk 679 signaling (Luo et al., 2012) . The higher expression level and lack of UV-B induction of miR828 in in 680 vitro-grown plantlets ( Fig. 2A ) in contra-distinction to berries ( Fig. 2B-D) is consistent with a 681 possible negative effect of increased ABA in leaves (Loveys, 1984) . regulation of polyphenolic biosynthesis, stress responses, or berry development. We took a genome-687 wide systems approach to characterize expression of sRNAs from in vitro-grown plantlets, different 688 developmental stages of berries (-3, 0, +3 and +6 WAV) irradiated with high/low fluence UV-B in 689 green house, and different developmentally staged berries naturally irradiated (high fluence) in the 690 field. Our analysis revealed a dynamic regulation of certain miRNAs following UV-B-induction and 691
pervasive changes in miRNA profiles during fruit development. We have formulated a model (Fig. 4)  692 to frame high fluence miRNA dynamic responses to UV-B in the context of post-transcriptional gene 693 silencing processes impacting oxidative and nutrient (sulfur and phosphate, associated with 694 anthocyanin accumulation) stress adaptation during grape berry development. We suggest that these 695 high fluence UV-B response processes may be different between monocots and dicots, like the case 696
for MIR828/TAS4 regulation of anthocyanin biosynthesis (Rock, 2013) based on three grounds: 1) 697 observed differences between our results for deeply conserved and functionally significant miR156 698 changes ( Fig. 3 , Table 4 ) in contradistinction of results in maize and wheat (Casati, 2013; Wang et 699 al., 2013).
2) The proposed coordinate antagonist response pathway for UV-regulated miRNAs 700 revealed by the low fluence UV-B experiment (Fig. 2, Table 4 ) affecting predominantly dicot-701 specific miRNAs (Tables 2, 3, 5). 3) Differences in overrepresented gene ontology categories 702 between eudicots and monocots suggest the evolution of oxygen and radical detoxification (i.e. UV 703 associated) and RNA silencing processes mark key divergence points between dicots and monocots 704 (Lee et al., 2011) . Our results (Table 4) ATPase10 pre-mRNA ( Supplementary Table 2a ; Supplementary File S4, pp. 56-57) in the nucleus to 713 modulate free cytosolic Ca 2+ level and CHS expression ( Fig. 4) impacting anthocyanin metabolism in response to stresses, vvi-MIR399i was identified to be up-720 regulated by high-fluence UV-B; its target PHO2 encodes a ubiquitin-conjugating E2 enzyme that 721 upon repression by miR399 ( Supplementary Table 2a ) in response to UV would promote increases in 722 the stability of phosphate transporter and P i uptake (Lin et al., 2008) (Fig. 4) . Consistent with the 723 model, phosphate deficiency increases anthocyanin content in grapevine cell culture (Yamakawa, 724 Kato, Ishida, Kodama, & Minoda, 1983). vvi-MIR395 is a 5' RLM-RACE-validated slicer of ATP 725 sulfurylase 1/GSVIVT01018057001/VIT_05s0020g04210 supported by GSTAr alignment prediction 726
( Supplementary Table 2a ), which showed a strong and significant inverse correlation between 727 miRNA and target mRNA abundances in response to cold stress in grapevine (Sun et al., 2015) . ATP 728 sulfurylase along with validated target VIT_18s0001g04890/AST68 low affinity sulfate transporter 729 ( Supplementary Table 2a , File S4 p. 22) function to increase sulfur transfer to aerial parts under 730 sulfur starvation (Kawashima et al., 2011) . MIR395 up-regulation in response to drought stress in 731 rice (Zhou et al., 2010) and salinity stress in Zea mays (Ding et al., 2009 ) is consistent with our 732 evidence for a role in abiotic stress responses including UV-B. Sulfur starvation increases 733 anthocyanin levels in rice (Lunde et al., 2008) and our functional co-expression analysis supports that UV-B regulation of miR156 is an important 751 component of a regulatory network for anti-oxidant and UV-protective polyphenolic biosynthesis 752 (Fig. 4) . 753 vvi-MIR530 can possibly target PPR DYW deaminase VIT_18s0001g13940 as shown by 754
GSTAr alignment ( Supplementary Table 2a ), involved in chloroplast RNA editing (Wagoner, Sun, 755
Lin, & Hanson, 2014) or mitochondrial dysfunction associated with oxidative stress that generates 756 highly mutagenic 5-hydroxymethyluracil and 5-hydroxyuracil lesions (Kow, 2002) . The 757 preponderance of transcription factor and TAS/PHASI targets of UV-B regulated miRNAs in 758 grapevine and across species supports a model ( Fig. 4) integrating nodes of conserved regulatory 759 networks important for integrating abiotic stress and developmental programs. 760
Polyphenolic pathway and defense genes are targets of UV-B responsive tasiRNAs 761
Recent papers report the role of miR858 in immunity of Arabidopsis to infections by 762 nematodes (Piya et al., 2017) grapevine to regulate anthocyanin and flavonol biosynthesis, respectively like in Arabidopsis, our 775 functional analysis supports miR828 being the dominant effector module. It is noteworthy that for 776 MYBA6/7/A5-MYB113-like slicing by 21 nt TAS4ab-3'D4(-) and production of abundant phased 777 registers downstream, there is no obvious trigger mechanism as has been described for the 'two-hit' 778 and 22 1 hit miRNA models for phasi-RNA production (Axtell et al., 2006) . It will be interesting to 779 determine if MYBA5/MYB113-like is targeted by both miR828 and TAS4-3'D4(-) as in Arabidopsis 780 (Rajagopalan et al., 2006; Luo et al., 2012) . 781 vvi-MIR828-triggered TAS4abc 3'D4(-) tasiRNAs ( Supplementary Table 2a ; Supplementary  782 File S4, pp. 38-40) and primary TAS4 transcripts are up-regulated by high fluence UV-B in 783 greenhouse and field (Table 4 , Fig. 3E, Supplementary Fig. 2B, C, D) Fig. 3D ; 790 Supplementary Table 2b ; Supplementary File S4, p. 37). The repression of defense genes by 791 miRNAs until the plant is exposed to severe stress is an adaptive mechanism hypothesized to have 792 evolved to keep the defense response under post-transcriptional control to conserve energy by 793 preventing LRR protein synthesis (Shivaprasad et al., 2012) . A domain of the nuclear Armadillo-type 794 found in Cap Binding large subunit and LRR variants is targeted by D6(+) phase of vvi-slyTAS5-like 795 based on degradome evidence (Supplementary complex by elevated miR482/TAS phasi-RNA expression may be an adaptive mechanism for UV-B 799 response/tolerance and a crosstalk mechanism linking UV-B fluence dynamics of miRNAs (Table 4)  800 to ABA antagonism of MIR828/TAS4 feedback homeostasis (Luo et al., 2012) . 801
Oxidative stress by high fluence UV-B: combated by miRNAs? 802
The 18 differentially expressed miRNAs identified (Table 5) as changing under high versus  803 low fluence per se (including correlated changes in greenhouse controls) were more than found when 804 UV-B radiation across all environments including the field was tested as a single parameter (Table  805 3). This is possibly because of the noise associated with different (i.e. field) environments. However, 806
Pontin et al. (2010) observed the same degree of increased effects of high-versus low fluence UV-B 807 changes in a grapevine leaf transcriptome comparison. One upshot from the alternative perspectives 808 afforded by the controlled greenhouse experiments was the finding that certain miRNAs/siRNAs 809 (e.g. miR403, miR530, TAS4c; is involved in repairing oxidized or hydrated bases and single-stranded breaks caused by ionizing 822 radiation (Gill, Anjum, Gill, Jha, & Tuteja, 2015). We speculate that the observed up-regulation of 823 vvi-MIR477 family members may be an adaptation to reduce BER mechanisms and facilitate 824 photoreactivation and NER to remove UV-B induced DNA lesions (Fig. 4) . 825
Liang, Li, He, Wang, and Yu (2013) demonstrated that in addition to miR168, AGO1 is a 826 target of miR530 in papaya and a predicted target of miR530 in Salvia miltiorrhiza (Shao & Lu, 827 2013). We predict that two grape AGO1 orthologues could also be targets of vvi-miR530-isomiR 828
( Supplementary Table 2a ). Harvey et al. (2011) demonstrated AGO2 acts as a second layer of 829 control in antiviral defense which is activated when AGO1 is suppressed. When AGO1 is active it 830
represses AGO2 via miR403 activity. Interestingly, AGO2 induction by Pseudomonas syringae pv. 831
tomato bacterial infection without suppression by its negative effector miR403 was observed in the 832 ago1-27 mutant, suggesting a post-transcriptional regulation of AGO2 by bacteria which is 833 mechanistically different from the induction triggered by viruses (Zhang et al., 2011) . Our assay of 834 AGO2 transcript abundances in samples from low-and high fluence UV-B greenhouse-treated berries 835
showed inverse trends to documented miR403 dynamics (Table 4 ) but were not statistically 836 significant (data not shown). Based on the observed coordinate down-regulation of all vvi-miR403 837 family members and imputed up-regulation (albeit not statistically significant; p = 0.17) of validated 838 target AGO2 in response to UV-B (Tables 4, 5 ; Supplementary File S4, p. 34), we speculate on a 839
third component to the model that might operate in UV-B-radiated grape in which AGO2 could play 840 a role in combating UV oxidative stress without inactivation of AGO1 (Fig. 4) . 841
Auto-regulatory loop involving miR828-TAS4-MYBA6/A7/A5-MYB113-like is conserved in 842
berry development 843
Forty-eight miRNAs were identified as differentially expressed across berry development 844 (Table 6 ). Our finding that miR396, miR172, and miR171 are down -regulated during berry 845 development (Table 6 ) and correlated with meta-analysis showing up-regulation of some targets 846 ( Supplementary Table 2b ; observed elevated miR828 and high-fluence UV-B inductions at the green berry and veraison stages 867 (Fig. 2B, D) with concordant temporal accumulations of TAS4abc primary transcripts and derivative 868 siRNAs ( Fig. 3E, Supplementary Fig. S2, Supplementary Fig. S3, Supplementary File S4, p. 38-43 ). 869
Interestingly, TAS4c which has two single nucleotide polymorphisms compared to the 870 TAS4c-3'D4(-) effector species reported earlier (Rock, 2013 ) displayed a trend of increasing reads 871 abundance with advancement of berry ripening ( Supplementary Table 3 ). This result is intriguing 872 because earlier studies on Vitis amurensis and Vitis vinifera (cv. Pinot Noir) grape datasets could not 873 detect appreciable TAS4c phasi-RNA expression (Rock, 2013) . It will be critical to ascertain if the 874 trait of TAS4c-3'D4(-) expression late in berry development (Table 6) is unique to cv. Cabernet 875
Sauvignon. TAS4ab-3'D4(-)-triggered MYBA6 and MYBA7 phasi-RNAs corresponding to the sixth 876 phase are the most abundant (Rock, 2013) . Similar to earlier work we find here that the sixth phase 877 of MYBA6/7 phasi-RNAs are the major species ( Supplementary Table 3 ) where MYBA7 phasi-RNA 878 D6(+) is significantly down-regulated during berry development, in stark contrast to TAS4c3'-D4(-) 879 significant up-regulation (Table 6 ). Further evidence consistent with the functioning of this feedback 880 loop comes from RNA-Seq transcriptome data for several red-skinned berries (Massonnet et al., 881 2017) . The reported significant up-regulation of MYBA6 mRNA ( Supplementary Table 2b ) at pre-882 veraison to veraison transition is inversely correlated with observed down regulation of TAS4ab and 883 downstream MYBA6/7 phasi-RNAs (Table 6 ), suggesting a positive feed-forward activity for the 884 TAS4ab 3'D4(-) tasi-RNAs slicing MYBA6/7 and MYBA5/MYB113-like ( Supplementary Table 2a ; 885
Supplementary File S4). The subsequent wholesale inversion of the MYBA6 target mRNA:TAS4ab 886 primary transcript and tasi-RNA relationships (i.e. both significantly down; Supplementary Table 2b , 887 Supplementary Fig. S2 , Supplementary Fig. S3 ) at berry maturity is parsimonious with the predicted 888 silencing functions of TAS4ab-3'D4(-) on MYBA6/7 late in berry development. Matus et al. (2017) 889 showed high level expression and significant UV-B induction of MYBA6/7 before veraison and 890 complete down-regulation of MYBA7 (but not MYBA6, which was delayed) during and after veraison. 891
Our results of differential UV-B fluence effects on miR828 ( Fig. 2B-D) improving winegrape production of anti-oxidant flavor enhancers. 900 901
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